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The thickness dependences of the photoeurrent quantum yield and 
photoenergy parameters of silicon backside contact solar cells (BC 
SC) are investigated theoretically and experimentally. The sur- 
face recombination rate on the irradiated surface was minimized 
by means of creating the layers of microporous silicon. A method 
of finding the surface recombination rate and the diffusion length of 
minority carriers from the thickness dependences of the photoeur- 
rent quantum yield under conditions of the strong absorption is 
proposed. The performed studies allowed us to establish that the 
thinning of the BC SC samples in the case of minimizing the sur- 
face recombination rate gives a possibility to achieve rather high 
efficiencies of photoconversion. It is also shown that the agreement 
between the experimental and theoretical spectral dependences of 
the photoeurrent quantum yield can be reached only with regard 
for the coefficient of light reflection from the backside surface. 



1. Introduction 

Silicon backside contact (BC) solar cells (SC) with n- 
type base, as well as solar batteries produced on their 
basis, have the highest efficiency of photoelectrical en- 
ergy conversion 77 achieved for today that reaches 20 % 
for serial modules The thickness of the quasineu- 
tral base region in such BC SCs is usually much smaller 
than the diffusion length of minority carriers, whereas 
the effective surface recombination rate S* on the front 
(nonmetallized) surface referred to the inner boundary 
of the near-surface space charge region (SCR) is mini- 
mized to the level having practically no influence on the 
value of 77. 

As is known, the most effective way of eliminating the 
surface recombination losses in BC SCs is to generate 
isotype n + — n or p + — p junctions on their front surface 
that limit the supply of nonequilibrium minority carriers 
to surface recombination centers [2,3]. In the presence of 
such junctions, the effective surface recombination rate 
S* is minimized due to a decrease of the minority carrier 
fluxes via surface recombination centers Q • Though, at 
high doping levels of the surface layer, the rate S* can 



increase due to an increase of the Auger recombination 
rate in it 0|. 

A number of works [HIH used another way of mini- 
mizing the negative influence of surface recombination 
losses on the BC SC efficiency 77, namely the forma- 
tion of floating p + — n or n + — p junctions on their 
front surface that limited the supply of nonequilib- 
rium majority carriers to surface recombination centers. 
However, the experimental researches [f| demonstrated 
that, though the formation of a floating n + — p junc- 
tion really resulted in an increase of the BC SC ef- 
ficiency 77 under the standard spectral AMI. 5 condi- 
tions at the irradiance P = 1000 W/m 2 , a consid- 
erable (tens-fold) rise of the effective surface recombi- 
nation rate S* was simultaneously observed. As was 
shown in our work [&], the increase of S* is related 
to the contribution of the SCR recombination that can 
be very significant in the case of low-intensity irradi- 
ance. 

If the initial thickness of a BC SC exceeds the dif- 
fusion length of minority carriers, then its thinning 
must result in a considerable rise of the short-circuit 
current and the photoconversion efficiency This work 
is devoted to experimental and theoretical studies of 
the thickness dependences of the quantum yield and 
photoenergy parameters of BC SCs. The effective 
surface recombination rate after a regular thinning of 
a BC SC sample was minimized by means of creat- 
ing a microporous silicon layer on the sample surface. 
We propose a method of determination of the effec- 
tive surface recombination rate S* and the diffusion 
length of minority carriers L from the thickness de- 
pendences of the BC SC quantum yield under condi- 
tions of the strong light absorption in a semiconduc- 
tor. It is established that the long-wavelength maxi- 
mum at the spectral dependences of the BC SC short- 
circuit current perceptibly depends on the coefficient of 
light reflection from the BC SC backside metallized sur- 
face. 
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Fig. 1. Diagram of a silicon backside contact solar cell 

2. Experimental Technique 

The recombination activity was studied using experi- 
mental samples of silicon BC SCs from two groups with 
initial thicknesses of 400 /im. Their schematic cross sec- 
tion is shown in Fig. 1. The samples were produced on 
plates of rt-type zone-melting silicon with the resistivity 
p = 2 Ohm-cm. A near-surface isotype n + — n junction 
or a floating p + — n junction was formed on the front 
(irradiated) surface 2 cm 2 in area. The front surface 
of the BC SCs was additionally passivated by a ther- 
mal Si02 layer with a thickness approximating 110 nm, 
which reduced the optical losses of incident light and the 
concentration of surface recombination-active centers on 
this surface. The BC SC samples without near-surface 
junctions with the only thermal Si02 layer on the front 
surface were also investigated. 

The choice of BC SCs as an instrument for study- 
ing the nature of surface and volume recombination pro- 
cesses is caused by the fact that they allow one to rather 
easily realize the conditions, under which the region of 
optical generation of nonequilibrium electron-hole pairs 
will be localized close to the front surface and spatially 
separated from the collector junction by the quasineu- 
tral base region. The short-circuit current of the collec- 
tor junction on the backside surface is a function of the 
effective surface recombination rate S* on the front sur- 
face that depends, in turn, on the rates of recombination 
via surface recombination-active centers, Auger recom- 
bination in the heavily doped n + - or p + -layers, and re- 
combination in the near-surface SCR. Investigating the 
kinetics of variation of the short-circuit current of the 
collector junction in the process of the BC SC thinning, 
it is possible to separate the contributions made to the 
photocurrent by the surface and volume recombinations. 



The experimental BC SC samples with Al buses 
welded to the contact areas were firstly thermally fixed 
on the surface of a glass substrate with the help of an 
optically transparent butyral resin film. After that, the 
Al buses were welded with transfer metal electrodes sub- 
sequently soldered with conducting metal wires. All the 
components of the set-up were protected from the ac- 
tion of aggressive chemical substances of an electrolyte or 
etchant by chemical-resistant optically transparent poly- 
mer materials, so that the electrolyte or etchant could 
contact only with the front thermally oxidized BC SC 
surface. 

The chemical etching was performed in a mixture of 
HNO3 and HF relating as 3:1. At the chemical etching, 
a silicon dioxide layer close to the BC SC front surface 
was etched first of all, then followed the isotype n + — n 
or the floating p + — n junction, and only after that took 
place the etching of the base region. The thickness of 
the etched layers was determined by the etching time 
and controlled by a micrometer. 

The processes of anode etching of the BC SC front sur- 
face were performed in a transparent electrochemical cell 
with a Pt electrode. The cell construction allowed one to 
irradiate the BC SC front surface by light coming from a 
mirror incandescent lamp through a selective optical fil- 
ter SZS-26 that transmitted only photons with A < 0.75 
/im and thus provided a small (several micrometers) ef- 
fective depth of optical generation of electron-hole pairs 
close to the BC SC front surface. The irradiance of the 
BC SC surface in the cell in the presence of an electrolyte 
approximated 700 W/m 2 . 

The electrochemical anodic process was performed in 
the galvanostatic mode at a constant current density on 
the sample surface (J = 2-4 mA/cm 2 ) and the voltage 
at the output of a power supply V = 2 V. The used elec- 
trolyte was a mixture of ethanol and concentrated (49%) 
HF taken in the ratio of 1:4. Besides the stabilized cur- 
rent density and the voltage across the electrolyte cell, 
we also controlled the short-circuit current of the back- 
side collector junction caused by the irradiation of the 
BC SC front surface. The latter allowed us to determine 
the dynamics of the variation of recombination parame- 
ters of the BC SC front surface directly in the course of 
the electrochemical reaction. 

Each thinning of the BC SC sample was followed by 
the anodization leading to the formation of a microp- 
orous silicon layer on the surface. This resulted in both 
the passivation of the surface and a decrease of the sur- 
face recombination rate. After etching the silicon diox- 
ide and the heavily doped layers, the effective surface 
recombination rate S* grew due to the formation of de- 
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pleting band bendings on the front surface, whereas the 
anodization of the etched surface led to a decrease of S* 
due to the hydrogen passivation of the surface. 

The phototechnical and optical parameters of the BC 
SCs were measured with the help of a control-measuring 
equipment of the Center for testing photoconverters and 
photoelectric batteries of V.E. Lashkaryov Institute of 
Semiconductor Physics of the NAS of Ukraine certified 
by the State Committee of Ukraine for Technical Regula- 
tion and Consumer Policy. The measuring technique was 
as follows. First, we determined the initial phototechni- 
cal parameters of the BC SCs with a thermally oxidized 
surface under the AM 1.5 spectral conditions and mea- 
sured the spectral dependences of the short-circuit cur- 
rent in the wavelength range AA = 0.4... 1.2 fim. Then, 
after each thinning and the following anodization, the 
BC SC sample was dried at room temperature, and the 
same parameters were measured once again. 

3. Thickness Dependences of the Internal 
Quantum Yield of BC SCs 

The internal quantum yield Q in silicon BC SCs in the 
case of monochromatic irradiation can be found from 
the solution of a diffusion equation with the following 
boundary conditions: 



J(x = 0) = -S*Ap(x = 0), 



Ap(x = d)=Q, 



(1) 



(2) 



where j(x) and Ap(x) are the flux of electron- hole pairs 
and their excess concentration in the plane x, respec- 
tively, S* is the total rate of surface recombination S 
and recombination in the SCR Vsc m the plane x = w, 
where w is the SCR thickness. 

Using the solution of the standard diffusion equation 
for excess electron-hole pairs with regard for the light 
reflection from the backside surface, we obtain the fol- 
lowing expression for the internal quantum yield Q: 



Q = 



aL 



1 - a 2 L 2 



{- ((1 + R d e- 2ad ) - (1 + R d )e- ad - d / L ) + 



, d . S* L . . d s 
cosh(-) + — smh(- / 



[(l + R d )+aL(l-R d )}e- ad Y 



(3) 



where L — \J Dt stands for the diffusion length of minor- 
ity carriers, D is the diffusion coefficient, a is the light 
absorption coefficient, and R d is the coefficient of light 
reflection from the backside surface. 

The authors of Q also obtained an expression for the 
spectral dependence of the BC SC internal quantum 
yield with the use of boundary conditions (1) and (2) 
and proposed a method of deriving the surface recombi- 
nation rate S* and the diffusion length of minority car- 
riers L based on these spectral dependences. However, 
that study was performed without regard for the effect 
of light reflection from the backside surface. 

In the case of strong light absorption (aL 1 and 
ad~^> 1), the expression for the internal quantum yield 
of BC SCs significantly simplifies and takes the form 



Q = cos h 



S*L . fd 
— — — sm h — 
D \L 



(4) 



As one can see from (4), the internal quantum yield in 
the case of strong light absorption does not depend on 
the coefficients of light absorption a and light reflection 
from the backside surface R d . 

In the case where the inequality d <C L is satisfied, 
Eq.(4) yields 



S*d 
D 



Thus, the inverse quantum yield is equal to 



S*d 



Q D 



(5) 



(G) 



i.e., it represents a straight-line dependence on d, whose 
slope S*/D allows one to determine the surface recom- 
bination rate. However, the diffusion length cannot be 
found in this case. 

The corresponding dependences are presented in 
Fig. 2,a 

If d S> L, expression (4) yields 



Q — exp 



/ 1 + 



S*L 



(7) 



-<xL(l - R d e~ 2ad ) + (1 + R d )e- ad - d ' L 



In this case, the thickness dependences of ln(Q) are lin- 
ear (Fig. 2,6). Moreover, the thickness dependences 
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Fig. 2. Theoretical dependences of the inverse quantum yield 
(a) and quantum yield (b) on the thickness in the case of strong 
light absorption for the limiting cases of thick and thin BS SCs as 
compared to the diffusion length at L = 100 fim (1 (6)) and S* = 
1 cm/s (1), 10 2 cm/s (2), 3 X 10 2 cm/s (3), 5 X 10 2 (4), and 10 3 
(5) 



of Q enable one to determine the diffusion length L, 
whereas the accuracy of deriving the surface recombi- 
nation rate S* abruptly decreases, and it can be found 
only at S*L/D > 1. The simultaneous determination 
of L and S* from the thickness dependences of the BC 
SC internal quantum yield is possible only if L ~ d and 
S*L/D > 1. 

According to (4), if the short-circuit current is mea- 
sured under strong light absorption, then the ratio of the 
short-circuit currents at the minimum thickness d m in and 
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Fig. 3. Experimental (dots) and theoretical (solid lines) thickness 
dependences of the normalized quantum yield for the samples from 
the first (a) and second (b) groups. L=250 /im, S*= 2 X 10 4 cm/s 
(a); L = 500 fim, S*= 190 cm/s (6) 

the arbitrary thickness d is determined by the expression 

= cosh(d/L) + S*L/Dsmh(d/L) 
{> cos h(d min /L) + S*L/Dsmh{d miD /L)' {> 

The ratio N represents an increasing function of the 
thickness if it changes from the minimum to the max- 
imum value. At the known thickness d and diffusion 
coefficient D, dependence (8) contains two unknown pa- 
rameters: S* and L. Unfortunately, in the real case of 
rfmax < L, the dependence N(d) represents an ambigu- 
ous function of S* and L. That is why their definite 
determination requires some additional information, for 
example, obtained from measurements of spectral de- 
pendences of the short-circuit current. 
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Figure 3 presents the experimental dependences N(d) 
obtained for the BC SC samples from two groups. This 
figure also shows the theoretical functions N(d) obtained 
with the use of expression (8) and such values of S* and 
L, at which the experimental dependences agree with 
the theoretical ones. The agreement between the exper- 
imental and theoretical dependences is satisfactory. 

The experimental spectral dependences of the inter- 
nal quantum yield for the BC SC samples from the first 
group with a floating p — n junction near the front sur- 
face are given in Fig. 4. The theoretical functions are 
constructed with the use of expression (3) and the spec- 
tral dependence of the absorption coefficient in silicon 
cv(A) taken from work [8|, where this dependence was 
determined at various temperatures. The spectral de- 
pendence a(\) obtained in [8] at 300 K can be numeri- 
cally approximated by the expression 

log(a(A)) = 306.91 - 25.649A" 1 - 1399. 55A+ 



+3403.54A 2 - 4782. 3A 3 + 3901.23A 4 



-1713.98A 5 + 311.596A b 



(9) 



where the wavelength A is measured in micrometers. 

As one can see from Fig. 4, the use of the value of 
250 (im for the diffusion length allows one to match the 
experimental dependences with the theoretical ones, if 
the coefficient of light reflection from the backside sur- 
face is significant (~ 0.7), and the value of S* which is 
determined in this case by the SCR recombination rate 
is large, which is true at low irradiation levels realized 
with the use of a monochromator. Without regard for 
the light reflection from the backside surface, the cal- 
culated maximum lies to the left from the experimental 
one. 

The inset in Fig. 4 shows the theoretical spectral de- 
pendences of the short-circuit current at various diffusion 
lengths L. As one can see from the inset, an increase of 
the diffusion length practically does not affect the posi- 
tion of the maximum of the function Jsc(A) but results 
in a rise of its value. 

4. Thickness Dependences of BC SC 
Photoenergy Parameters 

Theoretical thickness dependences of such photoenergy 
parameters as the short-circuit current Isc, the open- 
circuit voltage Vbc, and the photoconversion efficiency 




0.6 0.8 1.0 1.2 

X, urn 

Fig. 4. Experimental and theoretical spectral dependences of the 
BC SC quantum yield normalized to its maximum value at = 
0.7, S* = 7 X 10 4 cm/s, L = 250 /im; in the inset — spectral 
dependences of the BC SC quantum yield at = 0.7, S* = 7x 10 4 
cm/s and various L: 500 fim (1), 250 /im (2), and 500 fim (3). 



n of BC SCs were simulated, in particular, in [9h11|. 
The photoconversion efficiency of BC SCs depends most 
considerably on the thickness dependence of the short- 
circuit current. In [Tlj . it was shown that, in the case 
where d < L, the thickness dependence of the short- 
circuit current density of BC SCs Jgc under the condi- 
tion of total light trapping is determined by the formula 



Jsc — 



gen 



(10) 



1 + S*d/D a ' 

where Jgc stands for the generation current density in 
a silicon BC SC for the indicated irradiation conditions, 
and D a is the bipolar diffusion coefficient. 

In the case of the linearity with respect to the excess 
concentration of electron-hole pairs (i.e. Ap(x = w) < 
no, where no is the equilibrium concentration of major- 
ity carriers in the BC SC base), one can calculate the 
short-circuit current density in BC SCs with the use of 
expression (3), by taking the light reflection from the 
front surface and its incomplete absorption in the semi- 
conductor into account. In particular, under the AM0 
conditions, for which the solar radiation spectrum can 
be approximated to a good accuracy by the blackbody 
radiation with a temperature of 5800 K, the short-circuit 
current density of a silicon BC SC at room temperature 
is described by the expression 



1,13 



SC.' 



0.656 



(1 - Rs(X))Q(X) 
A 4 (exp(2,494/A) - 1) 



dX, 



(11) 
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Fig. 5. Calculated thickness dependences of the BC SC short- 
circuit current under the AMO conditions. R d = 0.7; L = 500 fim 
(1), 250 fim (2—4); S* = 10 cm/s (1,2), 10 2 (3), and 10 3 (4) 

where R S (X) is the coefficient of light reflection from the 
front surface, while the irradiation wavelength A and the 
current density are measured in micrometers and A /cm 2 , 
respectively. 

Figure 5 demonstrates the theoretical thickness depen- 
dences of the short-circuit current density in BC SCs ob- 
tained with the use of expression (11) in the case where 
i? s (A) = 0.1. As one can see from Fig. 5, these depen- 
dences have a maximum at sufficiently small values of 
S* (see curves 1, 2). Moreover, its position shifts to- 
ward lower thicknesses d with increase in the value of S* 
and with decrease in the diffusion length L. In the given 
case, the existence of the maximum is due to the com- 
petition of two processes. As the thickness decreases, 
the total recombination in the quasineutral volume falls, 
due to which the value of Jsc must increase. At the 
same time, the number of electron-hole pairs generated 
by Sun's light also decreases because of a smaller ab- 
sorption, which favors a reduction of Jsc- Depending 
on which of the indicated factors dominates, we obtain 
either an increase or a decrease of the short-circuit cur- 
rent with decrease in the thickness. However, in the case 
of large S*, where the losses due to the surface recom- 
bination play a dominant role, the region, where Jsc 
decreases with increase in d, is absent (curve 4)- In this 
case, the short-circuit current grows with decrease in the 
thickness even at very small thicknesses (~ 10 /im). It 
is explained by the fact that, with decrease in the thick- 
ness at d < L, the majority of generated pairs will move 
to the backside surface characterized by a very high "re- 
combination rate" in the short-circuit mode. Therefore, 
the value of Jsc will rise. 




100 
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d, Jim 



300 



400 



Fig. 6. Experimental (dots) and theoretical (solid lines) thickness 
dependences of the BC SC photoconversion efficiency under AMI. 5 
conditions for the samples from the first (1) and second (2) groups. 
R d = 0.7, L = 500 /mi, So = 70 cm/s, d = 70 /um (1), R d = 0.7, 
L = 250 /Ltm, S = 350 cm/s, d = 40 ^m (2) 

In the case of total light trapping, where Jsc satisfies 
expression (10), no reduction of the short-circuit current 
at small d is present, whereas its value at d m L exceeds 
that obtained from Eq. (11). 

As was noted above, when searching for the thickness 
dependence of the BC SC photoconversion efficiency ij, 
the latter is mainly determined by the function Jgc(d). 
Therefore, for a unit-area SC under the AMO conditions, 
we can write 



ijamo « Jsc(d)V oc FF/0.135 



(12) 



where F F is the occupation factor of the current-voltage 
characteristic, and the factor of 0.135 W/cm 2 is the ir- 
radiation power under the AMO conditions. 

It is worth noting that, under the AMI. 5 spectral con- 
ditions, formula (12) turns into the expression 



Vami.b « 0.8 J sc {d)VocFF/0.1, 



(13) 



where we took a decrease of both the limit short-circuit 
current and the irradiation power under the AMI. 5 con- 
ditions into account. 

Figure 6 presents the experimental thickness depen- 
dences of the photoconversion efficiency for the BC SC 
samples from the first and second groups at room tem- 
perature under AMI. 5 conditions. The theoretical de- 
pendences rj(d) were calculated using relation (13), i.e, 
they were obtained with regard for the thickness depen- 
dence Jsc(d) determined with the use of (10) and aver- 
age values of Vqc an d FF. As one can see from Fig. 6, 
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the experimental thickness dependences of the photocon- 
version efficiencies agree with the calculated ones, which 
justifies the use of the thickness dependence Jsc(d) alone 
in (f3). It is worth noting that the agreement is reached 
using the diffusion lengths for the samples from the first 
and second groups that were determined with the help 
of expression (8) (see Fig. 3). 

In addition, it turned out that the agreement between 
the experimental and theoretical functions r](d) can be 
reached only under the assumption that the effective 
surface recombination rate depends on the thickness, 
namely, it was supposed that it changes according to 
the law 

S*(d)=S cxp(^^), (14) 

where d is some parameter that determines a decrease 
of S* with decrease in the thickness. In spite of small 
initial values of 77 for the samples from the first group at 
d = 400 /Urn, which is related to the insufficiently large 
diffusion length, we could realize the efficiency 77 w 12% 
by reducing the thickness of the studied sample to 160 
/jm and minimizing the surface recombination rate due 
to the formation of a microporous silicon layer. In the 
samples from the second group having the twice larger 
diffusion length, the thinning results in the efficiency 77 sa 
18% (Fig. 6). 

5. Conclusions 

It is shown that, under certain conditions, the experi- 
mental investigation of the thickness dependences of the 
short-circuit current of BC SCs in the case of strong 
light absorption and their comparison with the theoret- 
ically calculated functions allow one to determine both 
the surface recombination rate and the diffusion length 
of minority carriers. 

It is established that the experimental spectral depen- 
dences of the short-circuit current of the studied BC SC 
samples agree with the theoretical ones only with regard 
for the effect of light reflection from the backside sur- 
face. If the value of S* is high, then the position of their 
maximum practically does not depend on the diffusion 
length L, whereas the value of Jsc m the maximum sig- 
nificantly depends on L. 

It is shown that, as the thickness decreases, the pho- 
toconversion efficiency in the studied BC SC samples 
considerably grows. Moreover, we have obtained a good 
agreement between the experimental and theoretical de- 
pendences of 77(d). 
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A. II. rop6a,Hb, B.II. KocmuAboe, A.B. CaneHKO, O.A. Cep6a, 
I.O. CoKOAoecbKuu, B.B. HepneHKO 

P e 3 10 m e 

EKcnepHMeHTajibHO Ta TeopeTHHHO flOCjiifl»ceHO TOBmnHHi 3ajie- 
jKHOCTi KBaHTOBoro Biixofly <p° TOCT Py M y Ta <P OTOeHe P re ™ lIHHX 
napaivieTpiB KpeMHieBirx cohhhhhx ejieivieHTiB 3 tiijioboio MeTajii- 
3an,ieio (CETM). MimMi3aii,iio niBHflKOCTi noBepxHeBo'i peKOM6ma- 
n,i'i (UIIIP) Ha ocBiTjiemft noBepxm b hhx flocHmyio 3a paxyHOK 
CTBopeHHH mapiB MiKponopncToro KpeMHiio. 3anponoHOBaHO Me- 

TOfl 3HaxOfl*ceHH5I ItltlP Ta flOBJKHHH flH(py3il HGOCHOBHHX HOCllB 

3ap5i^ry 3 tobihhhhhx 3ajie^KHOCTeft KBaHTOBoro Bnxofly cpOTOCTpy- 
My b yMOBax CHjitHoro norjiHHaHH5i CBiTjia. BnKOHam ^ocjiifljKe- 

HHS ,II03BOJIHJIH BCT&HOBHTH , PHO nOTOHHieHHJI 3pa3KiB CETM 3a 

yMOBH MiHiivii3ai;ii ItlllP fl03BOjiae peajii3yBara flOCTaTHBO Bejin- 
Ki 3HaneHHH ecpeKTHBHOCTi cpOTonepeTBopeHHH. IloKa3aHO Tai«»K, 
rup y3rofl>KeHH5i eKcnepnMeHTajiBHHx cneKTpajitHHx 3ajie*cHOCTeH 
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A. P. GORES AN , V.P. KOSTYLYOV, A.V. SACHENKO ct al. 



KB&HTOBoro Biixo^y 4>OTOCTpyiviy b flOCJiifl^ceHHx CETM 3 Teope- 
thhhhmh MO>Ke 6yTH flOCHrHyTe Jiiiine 3a yMOBH BpaxyBaHHH Koe- 
4)iu,ieHTa Bifl6iiTTH CBiTjia Bi^ thjioboi noBepxHi. 
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